Aspergillus fumigatus mycovirus causes mild hypervirulent effect on pathogenicity when tested on

Galleria mellonella

Selin Ozkan* and Robert H. A. Coutts

Department of Life Sciences, Faculty of Natural Sciences, Imperial College London, Sir Alexander Fleming

Building, Imperial College Road, London, SW7 2AZ, UK

*Corresponding author. Fax (+) 44 2075842056

E-mail address: s.ozkan10@imperial.ac.uk (S. Ozkan)



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

ABSTRACT

Mycoviruses are a specific group of viruses that naturally infect and replicate in fungi. The importance of
mycoviruses was revealed after their effects were identified not only in economically important fungi but
also in the human pathogenic fungus Aspergillus fumigatus. The latter was shown recently to harbor at least
three different types of mycoviruses including a chrysovirus, a partitivirus and as yet uncharacterised virus.
Assessment of virulence in the presence and absence of mycoviruses in A. fumigatus is pivotal to
understanding its pathogenicity. Here, we have investigated, for the first time, the effects of mycoviruses
on the pathogenicity of A. fumigatus as assessed using larvae of the greater wax moth Galleria mellonella.
In order to observe the effects of mycoviruses on pathogenicity, G. mellonella were injected with virus-free
and virus-infected isolates of A. fumigatus and post-infection survival times were analyzed along with the
fungal burden. Neither chrysovirus nor partitivirus infection affected fungal pathogenicity when survival
rates were assessed which, for the chrysovirus, agreed with a previous study on murine pathogenicity.
However statistically significant differences were observed in survival rates and fungal burden in the
presence of the uncharacterized A78 virus. Here we show, for the first time, the effects of a partitivirus and

an uncharacterized A78 virus on the pathogenicity of A. fumigatus.
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1. Introduction

Mycoviruses are a specific group of viruses which naturally infect and replicate in fungi. They are
widespread in all major fungal groups, most being latent or cryptic and asymptomatic in their hosts
(Ghabrial and Suzuki, 2009). However, there are numerous examples of mycoviruses that alter host
phenotype and growth rate and act as hypovirulence factors (Nuss, 2005). Hypovirulence, attenuated
pathogenicity in fungi, is characterized by a reduction in conidiation, pigmentation and growth rate (Dawe
and Nuss, 2001). Paradoxically, mycoviruses can also confer hypervirulence which is characterized by
enhanced sporulation, aggressiveness and growth (Ahn and Lee, 2001). However, the possible role of
mycoviruses in regulating the ecology of their host fungi and associated hosts is largely unknown (Hyder et
al., 2013).

Aspergillus fumigatus is an opportunistic fungal pathogen that causes lung disease in humans and
animals. While it is responsible for severe invasive aspergillosis in immunocompromised patients, it can lead
to allergic reactions and chronic lung disease in immunocompetent individuals (Latge, 1999). Previous
research on A. fumigatus suggested that the fungus was devoid of double-stranded (ds) RNA elements
which comprise the majority of mycoviruses (Varga et al., 1998). However, after screening more than 360
A. fumigatus isolates from UK environmental and clinical sources for the presence of dsRNA elements, at
least three different dsRNA profiles were observed (Bhatti et al., 2012). A similar incidence of dsRNA
elements has recently been reported in 18.6% of A. fumigatus isolates in Holland (Refos et al., 2013). From
the UK cohort, two mycoviruses, nominated Aspergillus fumigatus chrysovirus (AfuCV) and Aspergillus
fumigatus partitivirus (AfuPV-1), have been sequenced completely (Jamal et al., 2010; Bhatti et al., 2011a
respectively); a novel virus remains partially characterized (Fig. 1).

The influence of mycoviruses on the fitness and pathogenicity of A. fumigatus was investigated by
generating virus-infected and virus-free isogenic lines from isolates originally infected with AfuCV and
AfuPV-1 (Bhatti et al, 2011b). Infection of A. fumigatus with either the chrysovirus (CV) or the partitivirus
(PV) resulted in significant aberrant phenotypic alterations in vitro and attenuation of fungal growth but
had no effects on susceptibility to common antifungals (Bhatti et al, 2011b). Furthermore, CV infection of
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A. fumigatus caused no effect on pulmonary fungal burden as estimated by quantitative PCR or any
significant alterations to murine pathogenicity (Bhatti et al, 2011b).

We sought to use a reliable and low-cost model organism to assess A. fumigatus pathogenicity. Larvae
of the greater wax moth Galleria mellonella have been used as a model organism to evaluate the virulence
of fungal pathogens and the effects of antimicrobial drugs (Mowlds and Kavangh, 2008). Indeed, several
studies have employed G. mellonella to assess the pathogenicity of bacteria such as Pseudomonas
aeruginosa (Andrejko et al., 2009) and Legionella pneumophila (Harding et al., 2012), yeasts such as
Cryptococcus neoformans (Mylonakis et al., 2005) and Candida albicans (Brennan et al., 2002) and fungi
such as A. fumigatus (Reeves et al., 2004; Fallon et al.,, 2011). G. mellonella larvae offer a variety of
advantages such as temperature range in which they can survive, common characteristics with the
mammalian immune system, simplicity of handling, easiness of injection due to size and shortness of the
monitoring time of the infections (Fuchs et al., 2010).

In this investigation, we aimed to assess the effect of mycoviruses on the pathogenicity of A. fumigatus
using the G. mellonella infection model. In particular, we have studied in detail all the known mycovirus -
A. fumigatus combinations in a comparative approach with virus-free isogenic lines and with particular

reference to the partitivirus and the as yet uncharacterized virus.

2. Materials and methods

2.1. Aspergillus fumigatus strains and growth conditions

All A. fumigatus strains were naturally occurring wild types or were generated following mycovirus
transfection (virus-infected) or mycovirus elimination (virus-free). The isolates were confirmed as being
bona fide A. fumigatus strains following generation of sequence specific ITS amplicons using ITS specific
oligonucleotide primers ITS-1 and ITS-4 (Fig. S1) and also DNA sequencing (data not shown). Three different
virus-infected and virus-free host combinations were used along with the control, non-virulent Apaba
strain, as listed in Table 1. Elimination of virus-infection was achieved using cycloheximide as described

previously (Bhatti et al., 2011b). All strains were kept as glycerol stocks at -20 °C. They were inoculated on
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plates containing Aspergillus complete medium (ACM; Pontecorvo et al., 1953) with 1% agar and incubated
at 37 °C. Following 5 days incubation, spores were harvested using Dulbecco’s PBS buffer (Invitrogen,
Carlsbad, CA) containing 0.05% Tween 80 (Sigma, St. Louis, MO). Spore concentrations were determined
using a haemocytometer and spore suspensions were stored at 4 °C for a maximum period of 12 h prior to

injection.

2.2. G. mellonella larvae

Final-instar larvae of the greater wax moth (Galleria mellonella) were obtained from Livefood UK Ltd.
(Somerset, England) and stored prior to use in wood shavings in the dark to prevent pupation. Grey marked
larvae were excluded and only cream-colored larvae were used within 1 week after delivery in order to
observe pigmentation changes clearly (Fuchs et al., 2010). Ten larvae weighing approximately 0.2 g each

were chosen at random and all experiments were duplicated and repeated on three independent occasions.

2.3. Injection of G. mellonella larvae

G. mellonella larvae were injected with 10 pl of fungal spore suspension through the last left proleg into
the hemocoel using a Hamilton syringe and a 22s gauge needle (Hamilton, USA; Fallon et al., 2012). Ten
larvae were employed for each experiment as described in Section 2.2. Control experiments comprised: (i)
untouched larvae (UTC), (ii) pierced larvae (PC) (iii) PBS-injected larvae (PBS). The Apaba A. fumigatus strain

was used as a non-virulent control.

2.4. Survival assay

In initial experiments, larvae were injected with serially diluted spore suspensions ranging in
concentration from 1x10%*to 1x107 spores in order to determine the optimal spore concentration to facilitate
clear observations of the pathogenicity of virus-free and virus-infected isolates. For survival rate assays,
1x10° spores were inoculated as described in Section 2.3 and infected larvae were incubated in Petri dishes
in the dark at 37 °C for 5 days. Their times of death were recorded daily together with notes on any

melanization and lack of motility. Survival curves were plotted and their statistical significance were
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determined by Kaplan-Meier analysis using the GraphPad Prism 6.0 program and P values were estimated

using Log rank and Wilcoxon tests. P values less than 0.05 were accepted as statistically significant.

2.5. Radial growth assay of A-78 infected Aspergillus fumigatus isolate

Equal numbers of spores (n=103%) of isogenic lines of A. fumigatus, isolates A78-infected and A78-free
were centrally inoculated onto Aspergillus minimal medium (AMM; Barratt et al.,1965) and ACM agar in 90
mm Petri plates, incubated at 37 °C and the fungal phenotype examined 5 days after inoculation. The colony
diameters of the two isolates were measured every 24 h over the 5 day incubation period in three replicate
plates. The means and standard errors of the colony diameters measured were plotted to determine any

differences between the isolates. All experiments were performed in triplicate.

2.6. Fungal burden assay using quantitative PCR

For the fungal burden assay, moth larvae were treated as for the survival assay. Following 6h and 48 h
at 37 °C incubation, three randomly selected larvae for each time point were ground using a mortar and
pestle in liquid N, and homogenized in 5 ml PBS buffer. In order to assess the fungal burden quantitatively,
guantitative PCR (qPCR) was performed on genomic DNA extracted from 200 pl of larval homogenate using
the DNeasy Blood and Tissue Kit according to the manufacturer’s protocol (Qiagen, Valencia, CA). Fungal
burden was determined using the primers BT-F (5-AATTGGTGCCGCTTTCTGG-3’) and PBT-R (5'-
AGTTGTCGGGACGGAATAG-3’) to amplify the A. fumigatus beta-tubulin gene (Balajee et al., 2005). The
primers Actin-F (5’-ATCCTCACCCTGAAGTACCC-3’) and Actin-R (5’-CCACACGCAGCTCATTGTA-3’) were used
to amplify the G. mellonella actin gene (Altincicek and Vilcinskas, 2006). Quantitative PCR assay was
performed using SYBR green | (Invitrogen, Carlsbad, CA) as a fluorescent dye and monitored using an ABI
Prism 7700 machine (Perkin-Elmer Applied Biosystems, Waltham, MA). Three biological replicates for each

isolate were carried out along with a PBS-injected control and Apaba-injected control in MicroAmp 96-well
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plates (Applied Biosystems, Grand Island, NY). Differences between the values of threshold cycle (Ct) were

analyzed using unpaired t-tests (GraphPad Prism version 6.04).

3. Results

3.1. Determination of the optimal spore concentration of A. fumigatus for pathogenicity testing in G.

mellonella

All six isolates under investigation exhibited different phenotypes including pigmentation and sectoring
when grown on solid ACM (Fig.2). Two contrasting isolates of A. fumigatus were selected to determine the
appropriate inoculum concentration for the investigation. These were the fastest growing A78-infected
isolate and the slowest growing PV-free isolate (Figs. 3A and 3B, respectively). An infectious dose of 1x10’
spores/larva resulted in 100% mortality within 24-48 h while 1x10* spores/larva was not infectious (Figs. 3A
and 3B). A concentration of 1x10° spores/larva was chosen as optimal since its intermediate pathogenicity
level facilitated determining differences in virulence between the different isolates. In these experiments,

which were duplicated, all control larvae survived until the end of the observation period (120 h).

3.2. Survival rates of G. mellonella larvae following infection with A. fumigatus

All isolates used in this study were highly virulent as compared to the non-virulent Apaba isolate
following injection of larvae with 1x10° spores/larva (P<0.0001). Melanization, which is a strong indicator
of fungal growth and an active immune response, was observed in all infected larvae within 18 h post-
injection except those injected with Apaba. There were no significant differences between the survival rates
of CV-free and CV-infected A. fumigatus isogenic lines (P=0.87; Fig. 4A). Also, there were no significant
differences in the survival rates of A. fumigatus PV-free and PV-infected injected moth larvae (P=0.15; Fig.
4B).

However, there were statically significant difference in the survival rate of the A78-free and A78-infected
A. fumigatus isogenic lines (P<0.01; Fig. 4C). This suggested that virus-infected A78 A. fumigatus isolate was

more virulent than the corresponding virus-free isogenic line in G. mellonella.
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3.3. Radial growth of Aspergillus fumigatus isolate A78

Compared to the A78-free cultures, there were marked alterations in the phenotype associated with
virus-infection in the A. fumigatus A78 isolate, including deeper pigmentation and a uniform, sectored
growth (Fig. 2). The radial growth assays showed that the A78-infected A. fumigatus isolate grew faster than
the A78-free isolate. This trend was more noticeable and maintained on AMM and occurred at an earlier
time (Fig. 5A). In contrast, on ACM, the growth difference was noticeable only on day 4 (Fig. 5B). Thus, the
radial growth assays demonstrated that the virus infection caused increased growth on the medium which

is similar to that observed in the G. mellonella survival assay (Fig. 4C).

3.4. Fungal burden

Quantitative PCR was performed using the expression of the A. fumigatus B-tubulin gene as an indication
of fungal growth and burden in moth larvae inoculated with all isolates (Table 1). The actin gene that was
used as an internal control, remained at the same level in all of the qPCR experiments and, as anticipated
for a negative control, there was no B-tubulin gene expression at both time points in all PBS injected larvae
(Fig. 6). In Apaba injected larvae, higher Ct values meaning less expression were detected when compared
to the virus-free and virus-infected isolates. The expression of fungal B-tubulin was significantly lower in
Apaba as compared to all virus-free and virus-infected strains at 48 h (P= 0.02-0.002).

The expression levels of B-tubulin were not significantly different between the virus-free and virus-
infected couplets of CV and PV at both time points (P>0.05; Fig. 6A and 6B). However, fungal B-tubulin gene
expression “fungal load” in A78-infected as compared with the A78-free strain, was significantly higher at
48 h (P= 0.0075; Fig. 6C). This indicated that A78-infected isolate was capable of faster growth in G.

mellonella larvae than the A78-free isolate increasing the fungal burden.
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4. Discussion

The main results of the study were as follows: (i) A dose of 1x10° spores/larva was optimal for
determination of differences in survival rates between virus-free and virus-infected A. fumigatus isogenic
lines. (ii) There were no significant differences between the survival rates of CV-free/-infected and PV-free/-
infected A. fumigatus isogenic lines. (iii) The survival rates of moth larvae infected with A78-free isolate was
significantly higher than those infected with A78-infected isolate. (iv) The A78-infected A. fumigatus isolate
had a faster growth rate on AMM as compared to the A78-free isolate. (v) The fungal load determined by

gPCR was significantly higher in the A78-infected A. fumigatus isolate as compared to the A78-free isolate.

Numerous reports on optimizing the concentration of A. fumigatus spores for use in G. mellonella larvae
pathogenicity testing have been documented (Jackson et al., 2009; Slater et al., 2011). However, the current
study was the first to test mycovirus infected A. fumigatus isolates and it was necessary to determine the
optimal dosage for virulence of different isolates. As compared with previous studies on A. fumigatus done
by Slater et al., (2013) and Fallon et al.,(2011), a lower dose of spores were shown to be superior for
determining differences between virus-free and virus-infected couplets. This finding would imply that
mycovirus infections are able to alter fungal growth, hence a lower initial concentration of spores can still

become lethal post-infection.

Many studies which have used the invertebrate infection model have provided additional aspects of
fungal pathogenesis. The efficiency and compatibility of the moth infection model has been verified in
several studies on important human fungal pathogens (Brennan et al., 2002; Mylonakis et al., 2005; Reeves
et al., 2004). The advantages and limitations of this infection model have been reviewed extensively in
relation to vertebrate and other invertebrate models (Desalermos et al., 2012; Arvanitis et al., 2013). The
virulence of A. fumigatus mutants appear to be identical in both murine and G. mellonella infection models
(Slater et al., 2011; Vaknin et al., 2014). Thus, our investigations on the effects of mycoviruses on virulence
in the fungus have confirmed the utility and reliability of the moth model. The latter, is an inexpensive and

easy to manipulate alternative to the murine model, giving reproducible results and promises to be an
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invaluable tool for further investigations on fungal virulence. Assessment of the fungal load has been used
commonly in antifungal drug studies using both mouse (Bowman et al., 2001) and G. mellonella infection
models (Mesa-Arango et al., 2012). Recently it has been shown that A. fumigatus conidia can grow in the
hemolymph of G. mellonella (Gomez-Lopez et al., 2014). From the obtained data presented here, it might
be stated that the G. mellonella has the ability of showing no virulence, different or equal virulence and also
reduced virulence as in PBS injected condition, in virus-free and virus-infected A. fumigatus injected
conditions and in the Apaba isolate injected condition, respectively. In conclusion G. mellonella is a useful
model that can produce results compatible with other model organisms employed for investigation of A.

fumigatus pathogenesis in the presence of mycovirus infection.

Mycoviruses are increasingly being reported in a wide range of major fungal groups, including animal
and plant pathogens (van Diepeningen et al., 2008). While many of them have no or few obvious effects on
their host fungi, some do elicit phenotypic alterations including hypovirulence and host debilitation or less
frequently hypervirulence (Ghabrial and Suzuki, 2009). Hypovirulence effects have been shown to occur in
many fungal species including several important plant pathogens e.g. Sclerotinia sclerotiorum (Boland,
1992), Botrytis cinerea (Castro et al., 2003; Potgieter et al., 2013), Cryphonectria parasitica (Choi and Nuss,
1992; Nuss, 2005) and Fusarium virguliforme (Marvelli et al., 2014). Hypovirulence is of great interest due
to its potential for biocontrol of fungal diseases (Nuss, 2005). An association between the presence of
dsRNA and hypovirulence has been documented for several Aspergillus species (Elias and Cotty, 1996; van
Diepeningen et al., 2008). In Aspergillus, it also has been shown that phenotypic alterations such as growth
rate and pigmentation can be the result of RNA silencing of mycoviruses (Hammond et al., 2008). In A.
fumigatus, where CV and PV infections caused significant phenotypic effects, reduced growth rate and
hypovirulence, no effect on murine pathogenicity or fungal burden were caused by chrysovirus infection
(Bhatti et al., 2011b). Although the effects of PV on the phenotype of the fungus such as pigmentation and
sectoring were shown previously, effects on pathogenicity were not tested (Bhatti et al., 2011b). In the
current study the effect of PV infection was investigated for the first time and revealed that PV infection did
not alter the pathogenicity of A. fumigatus in G. mellonella. In the present investigation, our findings on CV
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infection are in agreement with previous results obtained using the murine model. This suggests that G.
mellonella, whose immune system shares fundamental properties with mammalian immune system, is a
useful infection model to assess the effects of mycoviruses on A. fumigatus. The previous observations on

CV infection have largely been confirmed and extended in this investigation.

There are examples of beneficial effects of dsSRNA mycoviruses on their hosts such as Phytophthora
infestans dsRNA virus-2 (PiRV-2), a mycovirus of the phytopathogen P. infestans, which causes devastating
diseases of potato and tomato. Here it was found that PiRV-2 infection is associated with enhanced
sporulation and high aggressiveness as compared to a virus-free isogenic line (Cai and Hillman, 2013).
Similarly increased activity in sporulation, pigmentation and high levels of virulence has also been shown in
the presence of 6.0 kbp dsRNA mycovirus in N. radicicola (Ahn and Lee, 2001). Infection of A. fumigatus
with A78 mycovirus caused a significant increase in radial growth and virulence in the moth model.
Although, AMM contains the minimum ingredients for fungal growth, the A78 virus-infected isolate grew
faster than the virus-free one in this medium. The increase in radial growth in both types of media, even
though it can be observed more clearly in AMM than ACM, would suggest that A78 virus infection confers
significant advantages for the growth of the host. The significant increase in growth and virulence in the
moth model are suggestive of hypervirulence. The hypervirulent nature of A78 virus was also supported at
the molecular level following assessment of the fungal burden as assessed by gPCR. In the future, the

hypervirulent nature of the A78 isolate should be tested using the murine model.

The potential of mycoviruses in regulating the pathogenicity of their hosts may provide a significant

treatment alternative at the early stages of human fungal infection.
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TABLE AND FIGURE LEGENDS

Table 1
Aspergillus fumigatus strains investigated in this study.

Fig. 1. The dsRNA profiles of Aspergillus fumigatus mycoviruses. Extracted dsRNAs were electrophoresed
on 1% agarose gel stained with ethidium bromide. The genome of A. fumigatus chrysovirus consists of
four dsRNA elements (1). A. fumigatus partitivirus-1 is a bipartite virus whose genome includes two dsRNA
segments (2). The dsRNA profile of A78 (3). White arrows indicate the dsRNA elements of each mycovirus.

Lane M shows the DNA ladder.

Fig. 2. Colony morphologies of virus-free and virus-infected Aspergillus fumigatus isolates. Mycovirus
infection may alter pigmentation, sectoring and growth of the fungus. All isolates grown on ACM 5 days

after inoculation as viewed from the front.

Fig. 3. Determination of the optimal spore concentration of Aspergillus fumigatus for pathogenicity
testing in Galleria mellonella. G. mellonella larvae were injected with conidiospores of A. fumigatus strains
A78-infected (A) and PV-free (B) using 1x107, 1x108, 1x10° and 1x10* conidiospores per larva. Infected
larvae were then incubated at 37 °C and monitored daily for 5 days. At the dose of 1x107 spores per larva
the fungus killed almost all larvae dramatically within 24 h in both strains. It was impossible to see any
difference between the two strains at a dose of 1x10° spores per larva, whereas a concentration of 1x10°
spores per larva was optimal to observe any possible differences in pathogenicity of A. fumigatus strains
as indicated above. Control experiments were conducted as untouched larvae (UTC), pierced larvae (PC)

and PBS-injected larvae (PBS).

Fig. 4. Mean survival of Galleria mellonella larvae infected with PBS (control) or 1x10° spores /larva of

virus-free and virus-infected Aspergillus fumigatus isolates over a 5 day incubation period. The A.
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fumigatus Apaba strain was used as a non-virulent control in each experiment while the nominations of
the rest of the strains investigated are shown in Table 1. Survival curves were plotted and statistically
analyzed according to Kaplan-Meier estimation using the GraphPad Prism 6.0 program and P values were

estimated using Log rank and Wilcoxon tests. Error bars represent standard error values.

Fig. 5. Growth rate of isogenic lines of A78-free and A78-infected A. fumigatus isolates were noted and
measured on both on ACM and AMM plates. Equal numbers of spores were inoculated onto ACM and
AMM plates and the fungal phenotype examined 5 days after inoculation. Radial growth was measured
daily in three replicate plates. The means of the colony diameters measured were plotted to observe any

differences between the isolates on AMM (A) and ACM plates (B).

Fig. 6. Quantitative PCR showing fungal burden in virus-free and virus-infected A. fumigatus isolates at 6h
and 48h post infection. Cycle of threshold (Ct) values indicate the cycle where the DNA amplification was
first detectable. While expression of actin gene was measured in the PBS injected larvae, no B-tubulin
gene expression was observed. Expression levels of moth actin and fungal B-tubulin gene are shown in
the CV-free/infected couplet (A), in the PV-free/infected couplet (B) and in the A78-free/infected couplet

(C).

Fig. S1. Conventional PCR used to confirm A. fumigatus isolates. Fungal DNA were isolated using DNeasy
Blood and Tissue Kit according to the manufacturer’s protocol (Qiagen, Valencia, CA) and PCR was
performed using universal ITS1 and ITS4 primers. Amplicons were electrophoresed on 3% agarose gel
stained with SYBRSafe and the expected amplicon size (597 bp) for A. fumigatus was detected (Lanes 1, 3
and 11: DNA marker; Lane 2: No template control; Lane 4: A. fumigatus isolate A78-free; Lane 5: A.
fumigatus isolate A78-infected; Lane 6: A. fumigatus PV-free; Lane 7: A. fumigatus PV-infected; Lane 8: A.

fumigatus CV-free; Lane 9: A. fumigatus CV-infected, Lane 10: A. fumigatus Apaba isolate).
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